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INVESTIGATION OF IOSSES IN THE XJ35-A-~23 TWO-STAGE TURBINE

By John J. Rebeske, Jr., and Robert E. Forrette

 SUMMARY

Inasmuch as deslgn performance was not obtained from the XJ35-A-23
two-stage turbine, an investigatlion of the stage work distribution and
the losses through the turbine at design conditions was made.

This investigaetlon showed that the poor performance of this turbine
was primarily due to: large whirl velocities at the turbine exit, which
caused & 4-percent loss in turblne efficiency; choking in the second-
stage rotor, which limited the work oubtput of the first stage and the
velocities out of the second-stage stator; and a choking condition
upstream of the physical blade throat, which caused excessive losses in
the second-stage rotor blades. Consequently, a satisfactory two-stage
turbine can be obtained if these unfavorable conditions are eliminated.

INTRODUCTION

As part of a generael study of high-work-output low-speed multistage
turbines, a two-stage turbine for the XJ35-A-23 turbojet engine was
studied at the NACA Lewils lsboratory. The over-all performance of this
turbine is reported in reference 1. Limiting blade loading (refer-
ence 2) occurred in the second-stage rotor of this turbine and limited
the maximum turbine work ocutput to 95 percent of the design value; the
efficiency of the turbine at this point was only 0.75.

In order to determine why design performance was not obtalned from
this turbine, interstage instrumentetion was added to the experimental
apparatus. The turbine was operated at equivalent design speed and
pressure retio and detailed flow measurements were recorded. From an
exemination of the turblne design and these detailed flow measurements,
the major losses in the turbine were located. The probable causes of
these losses are presented and discussed. The present report is con-
cerned only with a general qualitstive evaluation of the principal
losses associated with the turbine and, 1n general, these losses appear
as a loss in stagnation pressure at various polnts through the turbine.
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SYMBOLS

The following symbols are used in this report:

cr

annular area, sq ft

local speed of sound, 4/TERT, ft/sec

specific heat at constant pressure, Btu/(1b)(°R)

specific heat at constant volume, Btu/(1b)(°R)

shaft work based on torque measurements, Btu/lb
acceleration due to gravity, 32.174 £t/sec?

enthalpy change based an stagnation temperature, cPAT', Btu/Ib
mechanical equivalent of heat, 778.2 £t-1b/Btu

rotational speed, rpm

equivalent rotational speed, rpm

static pressure, lb/sq £t
stagnation pressure, Ib/sq £t

stegnation pressure based on axial component of velocity,
I1b/eq £t

gas constant, £t-1b/(1b)(°R)
radius, £t

static tempersature, °r

stagnation tempersture, °r
relative stagnation temperature, QR
blade velocity, £t/sec

gbsolute gas velocity, ft/éec

critical gas velocity,qf-égi gRT!' , ft/sec

TES2
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W

gas velocity relative to rotor, ft/sec

relative critical gas velocity, /\/ -Y% gRT", £t/sec

weight f£low, lb/sec

equivalent welght flow, lb/ sec

Te
Ye-1

T T
function of 1, —2| —2l

()
L\ Yo

ratio of specific heats, cp/ey

To'l

ratio of Inlet pressure to pressure at NACA standard sea-
level conditions, p'/2116

ediabatic efficiency based on stagnetion-tempersasture ratio
and stagnation-pressure ratio

brake internal efficlency defined as ratio of actuel turbine
work based on torque measurements to ideal turbine work
based on the pressure ratio pi/p}'{ 5
) 2

2

Vcr
Ver 50

2
Wer
Her , ]

gas density, 1b /f'b3

stagnation-pressure-loss coefficient, Ap'/(p'-p)
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Subscripts:

1,2,3,4,5 instrument locations (see f£ig. 1) .
( oy weight-flow-average value of parameter
e engine operating conditions

h hub

2531

8 isentropic
t +ip

u tangential
x axial

o NACA standsrd sea-level conditions

INSTRUMENTATION

The experimental spperatus and the installation are described in
reference 1. The alr welght flow through the turbilne was mesasured by a
subnerged A.S.M.E. flange-tap flat-plate orifice. Two standard Jet-
engine burners were used to heat the elr to 700° R, and the fuel flow to
the burners was measured by rotemeters in the fuel line.

The location of measuring statlions through the turbine and the type
of measurements made at each station are shown in flgure 1. The twrbine
inlet conditions were measured by means of a combilnstion probe consisting
of a shlelded stagnation-pressure tube and s callbrated thermocouple, and
two static-pressure taps in each of the ten standard transition sectioms.
The turbine exlt conditlions were determined by means of four calibrated
thermocouple rskes, each consisting of five thermocouples located at the
area centers of five equal ammular areas; five shlelded stagnation~
pPressure probes, located at different circumferentiel positions and redil
corresponding to the. area centers of the five equal annular areas; and
four static-pressure taps on both the inner and the outer shrouds.

The Instrumentation used to obtain the survey data was as follows:
(l) Movable unshielded stagnation-pressure probes with provision for -
angle measurement. (a claw-type probe), to measure stagnetion pressures

and flow engles

(2) wWall static taps, to measure static pressures
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(3) Fixed thermocouple rakes, each conslisting of five thermocouples
located at the aresa centers of five equsel ennular sreas, to measure
stagnation temperatures

METHODS AND PROCEDURE FOR EXPERIMENTAL EVALUATION OF TURBINE LOSSES

Detailed survey data were obtained by operating the turbine at
equivalent design speed (3028 rpm) and equivelent design pressure ratio
(4. 03) The inlet conditions were msintained at an inlet temperature
of 700° R and an inlet steagnation pressure of 40 :anhes of mercury
gbsolute.

Turbine efficiencies. - The breke Internal turbine efficlency was
calculated £from measurements of torgue and turbine exlit conditions of
stegnation pressure and temperature, static pressure, and weight flow.
It is defined as

Tli = £ T___l. (l)
T |1 - (%f—) Y

where P;:,S/Pi is a pressure ratio based on the axlal component of

velocity at the turbine exit. This ratio can be derived from a com-
bination.of the following equations:

Continuity:
W = p5hsVy 5 (2)
State:
P5 = p5RTy (3)
Energy:

Isentropic relation:

(5)
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Conmbining equations {2), (3), and {5) gives an equation for the axial
velocity

1

s = () R Y @

This velocity 1s used in the energy equation to calculabe Pi,S’

neglecting the tangential component of velocity at the turbine exit.
From equations (4) and (5),

x
W _.“._.Y._l r-l

V2 p! T
p! =D 1 _|.__Ji_ _xﬁ _5 (7)
X5 75 2rgR TL \Dpg

From this relation, pi,s/bi is obtained and used in equation (l)
to calculate 73. Thus, the kinetic energy contained in the exit tan-
gential velocity component is considered a loss.

The adiabatic efficiency for radial positions corresponding to con-
stant percentage values of annular area of each stage of the turbine was
calculated from survey measurements of stagnation pressure and tempera-
ture by the equation

T'
1 - E?
1 |
Nad,1-3 = o (8)
N T
- f’.a)
|
\P1

(These subscripts refer to the first stage.)

Pressure-loss coefficilent. - The pressure-loss coefficient is
defined as the ratio of the stagnation-pressure drop across a blade row
to the difference between the stagnation pressure and the static pres-~
sure at-the exit of the blade row

Pl - Pl

- 1 2
Wy_o = TR (9)

2 - Py

2531
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This coefficient is used in the present report anly to evaluate the
stagnation-pressure losses In the first- and the second-stage stators.

Weight-flow-average values. - In order to aid in the discussion and
canmpsrison of the variocus parsmeters used in the data analyses, welght-
flow-average values were calculated. For example, Iif the weight-flow-
average value of the pressure-loss coefficient (@) gy 18 required, 1t

\j;\Ampde.A

(@) oy = (10)
Foe

The velue of (&),, 1s obtained by plotting the mmerator and the

denominator of equation (10) as 8 Ffunction of percentage annuler area and
integreting numerically. The same method is used in calculating weight-
flow-average values of the other parameters.

-~

can be expressed as

RESULTS AND DISCUSSION

From the over-all performance of the two-stage turbine presented in
reference 1, the following turbine performance characteristics are noted:

-(1) Measured equivsalent weight flow was 106 percent of the design
value.

(2) Limiting blade losding oceurred in the second-stage rotor at
equivalent design speed and pressure ratio and restrilcted the equivalent
work output to approximstely 95 percent of the design value.

(3) Turbine efficiency N3 &t equivalent design speed and pressure
ratio was oniy 0.75.

The reason design performance was not obtalned from this turbine can
be determined from a study of the stage work distribution and losses
through the turbine. The work distribution and the losses asre evaluated
on the basis of the turbine deslgn and on the actual turbine performance.

Loss due to exit whirl. - An examination of the turbine design
velocity diagrams (fig. 2) reveals only one source of turbine loss. This
is the loss of kinetic energy associated with the whirl velocity at the
exit of the second rotor. The kinetic emergy of this whirl weloclty
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taken at the pltch line at the exit of the second rotor is approximately

4 percent of the isentropic enthalpy drop through the turbine. Because

no provision is made for recovery of this energy, it represents approxi- -
metely a 4-percent loss in turbine efficiency.

The actuel loss due to exit whirl was determined experimentally and
the results are shown in flgure 3. The ratio of the kinetic energy
contained in the tangentlal component of exit velocity Vu’s to the

isentropic enthalpy drop based on the measured stagnation-pressure ratio
is presented for several radial positions across the blade apan. The
welght-flow-average value of this ratlo is spproximetely 4 percent of
the gvailsble isentropic enthelpy drop and cobseduently represents a
4-percent loss iIn turbine efficiency n4.

852

Stage work distribution. - The variation of the stage work param-
eter AT!'/T' along the blade radius (expressed as a percenbtage of the
total apnular area) for both the first and the second stages is shown in
figure 4. In figure 4(a), a peak value of AT'/T' of 0.126 occurs at
a radisl position corresponding to 40 percent of the annular areas. From
this point, the value decreasses toward the hub and the tip of the blade.
The weight-flow-average value of AT'/T' for this stage is 0.1153 and
is represented by the dashed line on the figure. In figure 4(b), a peak
value of AT'/T' for the second stage of 0.1630 cccurs at a radial -
position corresponding to 50 percent of the annular aresa and decreases
shaxrply toward the hub and the tip of the blade. The welght-flow-
average value of AT'/T' for the second stage is 0.1368. The corre-
sponding design value of AT‘/T' for each stage based on the equivalent
design value of AH/8,. (32.4 Btu/ib) and the design work distribution

between stages (0.53 and 0.47) is 0.138 and 0.142 for the first and the .
second stages, respectlively. The percentage of the equivalent design

stage work AT'/T' actually obtained from the turbine is 83.7 percent

for the first stage and $56.3 percent for the second stage.

Although the messured equivalent welght flow was 1068 percent of the
design value, stator-exit design velocitles were not obtained. This
fact indicates that the design area of the first stator was too large
with the result that the first-stage work output was lower than the
design value. Another condltion that contributed to the deflciency of
work in the Ffirst stage was that the actugl area of the first-stage
stator was 2 percent larger than the design value.

However, choking in the second-stage rotor at a pressure ratio less
than the design pressure ratlo was the principsl cause for the deflclency
in over-all turbine work. Figure 5 (fig. 4, reference 1) shows the
variation in equivalent weight flow at the turbine inlet with over-all
turbine pressure ratio for a range of equivalent rotor speeds. The
value of choking equlvalent weight flow wvaries with rotor speed, the
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value decreasing as the equivalent rotor speed increasses. The turbine is
therefore choked downstream of the first-stage stator. Figure 6 shows
the variation of éguivalent welght flow, calculated for stagnation con-
dltions relative to the second-stage rotor, with over-ail turbine pres-
sure ratlo for equlvalent rotor speeds corresponding to 10C, 110, 120,
and 130 percent of the design speed. The choking value of equivalent
weight flow occurs at over-all turbine pressure ratios higher than 3.6
and exhibits no significant variastion with equivalent rotor speed. The
variation 1n the value of choking weight flow for the four equivalent
speeds shown is less than 1 percent, which is withlin the limits of
experimental error. As a result, the second-stage rotor limits the
weight £low through the turbine at over-all turbine pressure ratilos
greater than 3.6.

Because the second-stage rotor chokes, e further incresse in pres-
sure ratio across any upstream blade row cennot be cbtalned. Conse-
quently, the work output of the first stage is limited, and no velocity
increase cen be obtained through the second-stage stator. Further
incregse 1n turbine work output with Increase in over-all turbine pres-
sure ratlo is due to an increase in the tangential component of exit
velocity. This component reaches a maximum velue at the condition of
limiting blade loading, and further increase in over-all turbine pres-
sure ratio produces no addltional work.

Stage efficiencies. - The radiel variation in the efficiency Nad

for the first stage is shown in figure 7(a). A pesk stage efficiency of
94.0 percent occurs at a radisl position corresponding to epproximstely
40 percent of the total annular area. From this point, the efficiency
decreases toward the hub and the tip of the blade. The weight-flow-
aversge value of this efficlency is 83.3 percent and is represented by
the dashed line on the figure. In order to determine the losses in the
Plrst-stage stator, a pressure-logs coefficient @ is evaluasbted between
the turbine inlet (station 1, fig. 1) and the exit of the first stator
(station 2, Pig. 1). The radial variation of thils pressure-loss coef-
ficient is shown in figure 7(b). The pressure-loss coefficient increases
repidly from a minimum value of 0.0245 at 15 percent of the annular area
to a value of 0.143 at the tip of the blade. The weight-flow-average
value of this pressure-loss coefficient (E)av,l-z is 0.0765. The

increasing values of the pressure-loss coefficient as the stator blade
tip 1s approached indicate that part of the over-all turbine loss occurs
in the inlet geometry of the turbine and salso explains the decrease in
stage efficlency towards the tip of the first rotor blade. Near the hub
of the first-stage stator the pressure-loss coefficient is low; con-
sequently, the decrease in stage efficiency near the hub is due to losses
in the first-stage rotor near the hub.

The radisl variation in efficiency of the second stage is shown in
figure 8(a). A peak value of 82.0 percent occurs at 50 percent of the
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annuler area. The efficiency decreases rapldly toward the hub and the
tip of the blade. The welght-flow-average value of the efficiency for
this stage is 66.0 percent and 1s represented by the dashed line on the .
figure. PFigure 8(b) shows the spanwise variation in the pressure-loss
coefficient across the second-staege stator (evaluated between stations 3
and 4, fig. 1). A maximm value of 0.037 occurs at a spanwlse position
corresponding to 55 percent of the annuler srea and decreases to negative
values near the hub and tip of the blade. The negative values Indicste

& stagnatlon-pressure rilse and are probebly due to secondaxry flows which
caused a redistribution of the msss flow through this stator. The welght-
flow-average value of the pressure-loss coefficlent for this stator 1s
0.0112 and i1s represented by the dashed line on the flgure. Because the
value of the preesure-loss ccoefficient across the second-stage stator is
low and because the second-stage efficiency is also low, large losses are
indicated in the second-stage rotor.

2531

Ioss 1n second-gtage rotor. - In an effort to determine the cause of
the large losses across this rotor, & stream filament analysis (refer-
ence 3) of the flow through this blede row was made at the hub, the mean,
and the tip radius of the blade. This asnalysis was based on the design
velocity diesgrams and showed that thie rotor would not pass the design
welght £flow. This result is verified by the experimental data which
show that thls rotor chokes at a pressure ratlo less than design pressure
ratio. The analysis also indicated that the choking condition occurred
upstream of the physical throat (minimum geometric'area). Figure 9 shows
the variation of the geometric and the effective flow area ratios with .
percentage of hub blade chord. The method used to determine these area
ratios is presented in the appendix. At approximately 94 percent of
exlal chord at the hub, the effective area ratic is 1.02 as compered with
1.00 for the geametrlic area ratio. Becsuse the effectlve and geometric
areas are spproximately equal at this point, the minimm effective area
is approximately 2 percent smaller than the minimm geometric asrea. The
figure also shows that the geometric area ratio decreases through the
blade row, whereas the effective area ratio reaches a minimm value at
45 percent of the axial chord. This converging-diverging area variatlon
results In high losses for outlet Mach numbers of the order of 1.0. For
normal reaction and impulse blades, the profile pressure-loss coefficilent
generally decreases as an outlet Mach number of 1.0 1s approached
(fig. 63, p. 233, reference 4). If the blade has a minimm effective
area upstream of the trailing edge, however, large pressure-loss coef-
ficients will result (fig. 16, reference 5). The probsble cause for this
increase in the pressure-loss coefficlent 1s that shocks on the suction
surface cause & local static-pressure rise which induces flow separation
from the suction surface of the blade, especlally if there is apprecisble
curvature of the suction surface downstream of the choke point (fig. 12,
reference 6).

In order to reduce the high losses in the second-stage rotor, the
blade profiles should be designed so that the effective ares decreases
through the blade passage. o o .
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SUMMARY OF RESULTS

Inasmich as deslgn performance was not obtalned from the XJ35-A-23
two-stage turbine, an investigation of the stage work distribution and
the losses through the turbine at design conditions was made. This
investigation showed that:

l. The loss due to the whirl velocity at the turbine exit, based on
actugl turbine performance, was approximetely 4 percent of the availsgble
isentropic enthalpy drop through the turbine.

2. Choking in the second-stage rotor limited the work output of the
Pirst stage eand the velocities out of the second-stage stator at over-all
turbine pressure ratios above 3.6.

3. Choking in the second-stage rotor blades upstream of the physical
bliade throat induced large losses In this blade row.

CONCLUDING REMARKS

The results obtained from a study of the losses through this two-
stage turbine indicate that the poor performance is primarily due to the
unfavoragble choking conditions in the second-stage rotor and the loss of
energy contained in the exit whirl velocity. Consequently, a satisfactory
two-stage turbine can be obtained if these unfavorable conditions are

eliminated.

Lewis Flight Propulsion Iaborstory
Nationel Advisory Committee for Aeronautics
Cleveland, Ohlo
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APPENDIX - DETERMINATTON COF AREA VARIATIONS WITH PERCENTAGE
OF AXTAI BLADE CHORD AT HUB -
Geometric Ares Variation

The geometric area variation was determined by first making a hlade
passage layout to scale as indicated in the following sketch:

Iese

- Tip
Mean
Mean
streemline
¥m -
\ Hub

otential lines @

il

Second-stage rotor blade

This layout was made for constant values of hub, mean, and tip radius at
the leading edge of the blade row. The orthogonal system of streamlines
Vv and velocity potential lines @ was then sketched in. The lengths
of the veloclty potential lines were measured and are designated by the
symbol n,. The ny-velues through the blade passege were thus determined

for the hub, the meen, and the tip radius of the blade. From the blade
geometry, the Intersections of the @ -lines with the mean passage stream-
line 1+, were located. .The n,-values for the hub, the mesn, and the tip

radius were then plotted against the corresponding percentage valus of
the axial chord. Values of n, at constant percentage values of the

axial chord were then read and plotted ageinst radius. A trapezoldal
Integration between the hub and the tip radius was used to determine the -

t
value of the integral n, dr for each constent percentage value of

Th
-

b )
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axial blade chord. The variation of the lower 1limit rp of this Inte-
gral with the percentage of chord due to the dlvergence of the inner
shroud was considered in the evaluation of this Integrel. Each Iintegral
value thus determined was then plotted sgainst the corresponding per-
centage value of axial blade chord at the hub. Each of these values was
then divided by the minimm integral value cdbtained and thls ratio is
presented 1n figure 9.

Effective Ares Varistion

The parameter pu is defined (reference 3, p. 16) as a function of
the geometry of the blade passage and the flow velocity and can be
written relative to the rotor and in gravitational units as

M= = (41)

p " no -r?—g. SR’II"

where

w welght flow per unit depth flowlng across veloclty potential liine,
1b/(sec) (£t)

n, distance across velocity potential line, £t
p" stagnation density relative to rotor, 1b/£t3

By the calculation of various parameters which sre functions of the
geometry of the blade passage, the choking value of p =Ffor each velocity
potential line was determined by the method of reference 3 (p. 17 and
fig. 14). This choking value of |, when multiplied by 1ts corresponding
yalue of n,, represents the choking value of the weight flow per unit

depth for the particular velocity potential line. The value of (ung),
thus determined 1s proportionsl to an effectlve choking area.

A plot of these choking values (pMng)e against percentage of axial
blade chord at the hub was then used to calculate the values of

r o .
Jr (p.no)c dr by the same procedure as outlined in the preceding sec-
Th

tion.

The ratio of these integral values to the minimm integral value
plotted ageinst percentage of axiel blade chord at the hub represents an
effective area ratio variation through the blade passage. This variatlion
is shown 1in figure 9.

L —
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Figure 1. - Schematlic dimgrem of XI35-A-25 turbine in a radial-axial plane showing logtrmment stations and location
of instruments at each instrument statlon.
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Figure 7. - Spanwise variation of adls-
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